To provide an overview of acquired coagulopathies that can occur in various perioperative clinical settings. Also described are coagulation disturbances linked to antithrombotic medications and currently available strategies to reverse their antithrombotic effects in situations of severe hemorrhage.
INTRODUCTION
During hemostasis, coagulation factors participate in a complex cascade culminating in the generation of thrombin, which catalyzes the conversion of fibrinogen to fibrin ( Fig. 1 ) [1] . Fibrinogen plays a critical role in achieving and maintaining hemostasis; it serves as the precursor to fibrin, an essential component of blood clots. Subsequent polymerization forms fibrin strands, which become covalently cross-linked by activated coagulation factor XIII [2] . Fibrinogen also promotes platelet aggregation by binding glycoprotein IIb/IIIa receptors. These platelets strengthen the clot by becoming enmeshed within the fibrin strands (Fig. 2) .
Studies have shown that low fibrinogen concentration, that is below the normal range of 2.0-4.5 g/l [4] , is associated with an increased risk of bleeding [5] [6] [7] . There is also evidence that fibrinogen supplementation can increase clot strength and reduce bleeding [8 & ,9,10 & ]. European guidelines published in 2013 on the management of severe bleeding in the perioperative and trauma settings both recommend fibrinogen supplementation when plasma fibrinogen concentration falls below 1.5-2.0 g/l during ongoing bleeding [11, 12] . Although fibrinogen supplementation does not correct defects unrelated to fibrin-based clotting (e.g. platelet dysfunction or impaired thrombin generation), it may compensate for deficits in other parts of the hemostatic system. Indeed, experimental and prospective data have shown that fibrinogen supplementation may compensate for decreased platelet contribution to clot strength [13] [14] [15] .
Physiological hemostasis is a balance between coagulation (clot formation) and fibrinolysis (clot breakdown) to protect against extreme situations such as hemorrhage and thrombosis. An imbalance in physiological hemostasis leads to coagulopathy, a condition characterized by inability of the blood to clot. Coagulopathy may be caused by a reduction or complete absence of blood-clotting proteins or as a result of dysfunction or reduced levels of platelets. This condition can lead directly to spontaneous bleeding or can exacerbate bleeding resulting from trauma, surgical procedures or medical therapy. However, in critically ill patients, activation of the coagulation system as a result of trauma, inflammation, or infection may lead to thrombosis or thromboembolic complications.
ACQUIRED COAGULOPATHY IN THE PERIOPERATIVE SETTING
In the clinical settings of cardiovascular surgery, trauma and obstetrics, the primary causes of bleeding are usually anatomical rather than pathophysiological and the first step to management often involves surgical measures. The next priority is usually volume resuscitation, as maintenance of blood volume is necessary for adequate tissue perfusion and oxygenation. Acquired coagulopathy can develop secondary to blood loss, loss and consumption of coagulation factors and hemodilution owing to excessive fluid replacement and is a major risk factor for progression from initial bleeding to severe hemorrhage. Evidence suggests that restrictive fluid resuscitation strategies are associated with shorter lengths of ICU and hospital stay and decreased mortality [16, 17] . However, hypovolemia results in acidosis, which is a key player in exacerbating coagulopathy. In the presence of coagulopathy, further blood loss can occur from not only ongoing surgery, but also from loss or consumption or dysfunction of coagulation factors, platelets and other blood cells involved in hemostasis. Therefore, early intervention with hemostatic therapy may be critical to prevent development of complex coagulopathies and the progression to severe, lifethreatening hemorrhage. Recent clinical studies highlighting strategies to control bleeding and correct fibrin-based clot strength in various clinical settings are shown in Table 1 
Cardiac surgery
During cardiac surgery, the primary cause of bleeding is related to surgery. Risk factors associated with increased bleeding include advanced age (>70 years), preoperative anticoagulant and/or antiplatelet therapy, preoperative coagulopathy and renal insufficiency [22] . The type of operation also impacts bleeding, for example cardiac surgery with cardiopulmonary bypass (CPB) causes widespread activation of the hemostatic system, including defects of primary hemostasis and acquired von Willebrand disease depending on the length of time on bypass. Although heparin is used to prevent blood clotting, activation of coagulation still occurs and increases as the duration of CPB increases. Furthermore, prior to surgery, the use of priming solutions such as crystalloids can lead to dilution of coagulation factors and platelets [23] . Blood components also interact with the lining of the CPB circuit causing activation, which leads to decreased levels of coagulation factors and platelets. Coagulation is grossly abnormal after discontinuation of CPB; both plasma and cellular components are affected resulting in platelet and clotting factor activation, consumption and dilution, together with activation of inflammatory cascades. Notably, plasma fibrinogen concentration has been reported to decrease by 34-42% by the end of CPB, relative to preoperative levels [5, 24] . Reduced thrombin generation after CPB has also been reported and is implicated in excess postoperative bleeding [25, 26] . However, immediately following cardiac surgery,
KEY POINTS
Low fibrinogen and decreased quality of fibrin polymerization are important components of acquired coagulopathy in a number of clinical settings.
Decreased fibrinogen concentration, as opposed to impaired thrombin generation, seems to be the key factor limiting sufficient hemostasis in cardiac surgery, trauma and postpartum-associated coagulopathy.
Platelets inhibitors are increasingly used for antithrombotic therapy; owing to the lack of specific reversal strategies and antidotes, platelet transfusion remains the most effective therapeutic option in massively bleeding patients receiving antiplatelet therapy.
In line with the results of several large phase III randomized controlled trials, correct prescription of NOAC therapy and consideration of contraindications (e.g. renal insufficiency), including adaptation of dosing and adherence to medication, should result in an overall low risk of bleeding complications.
The clinical use of NOACs is currently challenging, there is an absence of specific antidotes to reverse their anticoagulant effect in situations of severe bleeding and the use of nonspecific agents (e.g. PCC, activated PCC)
has not yet been fully investigated.
the quality of the fibrin-based clot is significantly more impaired than both thrombin generation and the platelet component of the clot (decrease of 38%, 7% and 27% compared with baseline, respectively) [27] .
Trauma
Coagulopathy is common in trauma and can occur very early after injury [28] . On arrival at hospital, before the administration of large amounts of fluid and prior to the onset of hypothermia and acidosis, 28-60% of patients have an identifiable coagulopathy [28] [29] [30] . This acute coagulopathy of trauma (ACT), which develops rapidly after injury in response to a combination of tissue injury and shock, is an indicator of poor prognosis [31] . ACT is associated with increased mortality, greater transfusion requirements, increased incidence of organ failure, and longer ICU and in-hospital stay [32] . In particular, a relationship between low fibrinogen concentration or decreased quality of the fibrinbased clot on arrival at the emergency room and increased transfusion requirements or mortality has recently been demonstrated [33] [34] [35] . ACT is exacerbated by subsequent medical interventions, such as massive transfusion, and contributes to trauma-associated coagulopathy [36] . The factors underlying trauma-associated coagulopathy, including hypothermia, acidosis and dilution/loss/ consumption of coagulation factors, are a consequence of hemorrhage, hypoperfusion and fluid resuscitation [36] . Also in this context, the role of fibrinogen is being increasingly scrutinized; it has been shown that fibrinogen depletion in trauma occurs early and is central to trauma-associated coagulopathy [37] .
Postpartum hemorrhage
During pregnancy, normal physiological changes lead to marked changes in the coagulation and fibrinolytic systems. The majority of coagulation factors increase and natural anticoagulants decrease augmenting coagulation and reducing fibrinolytic activity, thus creating a state of hypercoagulability Perioperatively acquired disorders of coagulation Grottke et al.
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www.co-anesthesiology.com [38] . These changes, which usually return to prepregnancy levels 3 weeks postpartum [39] , may be important for minimizing blood loss at delivery. Blood loss less than 500 ml is considered normal during delivery. Postpartum hemorrhage (PPH; defined as blood loss !500 ml within 24 h following delivery), and severe PPH (blood loss >1000 ml within 24 h) [40] , occurs as a result of a number of obstetric complications. These complications include uterine atony, genital tract trauma (i.e. vaginal or cervical lacerations), uterine rupture, retained placental tissue or maternal bleeding disorders [40, 41] . Bleeding leads to loss and consumption of coagulation factors, which may be exacerbated by dilutional coagulopathy after volume resuscitation. Therefore, hemostatic impairment may develop during PPH, which can increase bleeding and thus progression toward severe PPH [42] .
Studies suggest that fibrinogen deficit may be important for the development and severity of PPH. Fibrinogen concentration decreases progressively with increasing blood loss and was shown to be the most sensitive marker of developing hemostatic impairment in women with PPH [43] . In fact, plasma fibrinogen concentration 2 g/l or less, measured during the course of an obstetric hemorrhage, has a positive predictive value of 100% for the evolution to severe PPH [5] . Rapid replacement of fibrinogen, in addition to conventional treatments, has been shown to control bleeding in patients with obstetric hemorrhage [44] . In addition, fibrinogen concentrate corrects coagulation deficits associated with major obstetric hemorrhage and reduces the requirement for blood component therapy and the associated complications [10 & ].
DRUG-INDUCED COAGULOPATHY
Coagulopathy may occur in patients receiving antithrombotic therapy. Consequently, antithrombotic agents that are used for thromboembolic prophylaxis increase a patient's risk of bleeding. An overview of these agents, including their mode of action and therapeutic indications, is shown in Table 2 . If mild bleeding occurs or a patient requires an urgent invasive procedure, a decision must be made whether or not to discontinue therapy, keeping in mind that discontinuation can increase a patient's risk of ischemic events (especially in the elderly patient) [45] . In cases of major bleeding, besides several general actions such as correcting the hemodynamic compromise and/or use of endoscopic or surgical measures among others, reversal of antithrombotic therapy is also necessary. There is little evidence from clinical trials to advocate comprehensive recommendations; decisions are empirical and made on an individual patient basis. Therefore, there is a need for well defined strategies for the reversal of these agents in a number of clinical situations.
Antiplatelet agents
Antiplatelet agents are effective treatments to reduce the risk of ischemic events such as myocardial infarction and stroke ( Table 2 ). The timing of their discontinuation for surgical procedures is important, as cessation of treatment results in the recovery of platelet function, which may contribute to the occurrence of ischemic events [46] . Conversely, the most serious adverse event associated with these agents is bleeding [47] ; therefore, delaying discontinuation may result in increased bleeding. Current guidelines recommend that for surgical procedures with high-to-very-high bleeding risk, clopidogrel be discontinued 5 days before surgery to reduce bleeding and the need for transfusion, while maintaining aspirin throughout the perioperative period [45] . Conversely, in cases of serious bleeding, such as intracranial hemorrhage, the antithrombotic effect needs to be reversed immediately. The most broadly accepted method is the FIGURE 2. Confocal imaging of clot formation. 3D visualization of a human blood clot: fibrin (light grey) was visualized via the detection of a fluorescein isothiocyanateconjugated antifibrinogen antibody [3] added prior to the initiation of the coagulation process (star-tem/ex-tem). Platelets (dark grey) were stained using a fluorescently labeled wheat germ agglutinin [Real-time live confocal microscopy of a human blood sample stained with TMRM (light grey) and WGA (dark grey)]. The image was acquired by live confocal microscopy using an inverted microscope (Zeiss Observer.Z1; Zeiss, Oberkochen, Germany) in combination with a spinning disc confocal system (UltraVIEW VoX; Perkin Elmer, Waltham, MA). 1 Unit ¼ 10.21 mm; objective: 63 Â oil immersion, NA 1.42. www.co-anesthesiology.com administration of platelet concentrate. Although based on limited evidence, it is currently recommended that platelets be administered to maintain platelet count above 50 Â 10 9 cells/l in moderate bleeding and above 100 Â 10 9 cells/l in patients with ongoing bleeding and/or traumatic brain injury [11] . Another approach is to administer platelets and/or desmopressin and tranexamic acid.
Vitamin K antagonists
Vitamin K antagonists (e.g. warfarin) are the most commonly used oral anticoagulants for the prevention and treatment of a wide range of cardiovascular diseases ( Table 2 ). The most serious complication of therapy is bleeding; if bleeding occurs, or if a patient needs to undergo an invasive procedure, the bleeding risk needs to be balanced with the thrombotic risk. The most appropriate method to reverse the anticoagulant effect of vitamin K antagonists is dependent on the severity and urgency of the clinical situation. Options include simple dose omission, administration of vitamin K or administration of coagulation factor concentrates. Studies have suggested that oral (1.0-5.0 mg) or intravenous (0.5-2.0 mg) vitamin K can be administered to reverse the anticoagulant effects of warfarin [48, 49] . Current guidelines recommend intravenous vitamin K (5 or 10 mg), as it achieves reversal more rapidly than oral administration [49, 50] . In cases of serious bleeding or for patients requiring emergency surgery, complete and rapid reversal is necessary and replacement of vitamin K-dependent coagulation factors (II, VII, IX and X) may be required. Current guidelines suggest rapid reversal of anticoagulation with a four-factor prothrombin complex concentrate (PCC), which has been shown to provide a more rapid reversal of anticoagulation with fewer adverse events than fresh frozen plasma [51
In addition, 5-10 mg intravenous vitamin K should be administered if reversal of anticoagulation is to be sustained [53, 54] .
In the absence of bleeding and if a patient requires surgery or an invasive procedure, it is recommended that warfarin be discontinued 5 days prior to the procedure [55] . The international normalized ratio (INR) should be monitored the day before surgery (INR 2-3, administer 3 mg intravenous vitamin K) and the day of surgery (INR >1.5 defer procedure). In patients at a high risk for thromboembolic events bridging therapy with low molecular weight or unfractionated heparin is suggested [56] .
New oral anticoagulants
The new (or direct) oral anticoagulants [NOACs or direct oral anticoagulants (DOACs)] offer the possibility of efficacy, relative safety and convenience compared with warfarin. They have a rapid onset of action, shorter half-life and predictable pharmacokinetics and, therefore, they do not require routine coagulation monitoring. Their mechanism of action is the direct inhibition of specific proteins (factor Xa or thrombin) in the coagulation cascade (Table 2 and Fig. 1 ).
As with warfarin, bleeding is a complication of treatment with these new agents; however, bleeding management guidelines are based on limited evidence [57] . Considering the short half-lives of the NOACs and the severity of bleeding, cessation of treatment may be sufficient to reverse their anticoagulant effect in many instances. The decision to stop treatment depends on a patient's risk of bleeding versus their risk of thromboembolic complications. In hemodynamically stable patients, hemodialysis or hemofiltration may be considered for the reversal of the anticoagulant effect of dabigatran, as this method has been shown to remove 62-68% of the administered dose [58] . This reversal requires 4-6 h and may be considered when a patient presents with high dabigatran levels and compromised renal function. Conversely, hemodialysis cannot be used to reverse the effect of rivaroxaban or apixaban, as they are highly protein-bound. In cases of severe hemorrhage or when an emergency procedure requires immediate correction of coagulation, a major disadvantage of these new agents is the absence of an established reversal agent.
The potential of a number of nonspecific agents to reverse their anticoagulant effect has been assessed. In a porcine model of trauma, both activated and nonactivated PCCs but not rFVIIa were able to significantly reduce the anticoagulant activity of dabigatran compared with controls [59 && ]. In further animal studies, PCC has been shown to broadly correct dabigatran-induced bleeding [60,61,62 && ]. In addition, activated PCC (FEIBA) may be able to provide hemostatic support in situations in which dabigatran-induced coagulopathy exists [63] . Experimental studies have shown that both three-factor and four-factor PCCs reversed rivaroxaban effects on prothrombin time and endogenous thrombin potential [64] . However, there are no published clinical studies on the management of NOAC-induced bleeding. Despite this lack of clinical evidence, recent European guidelines on the management of perioperative bleeding recommend the use of activated and nonactivated PCC in cases of life-threatening bleeding or intracerebral hemorrhage [57] . A recent publication based on the 'Dresden NOAC Registry' data showed that of the 1776 patients receiving rivaroxaban therapy enrolled in the registry between October 2011 and December 2013, therapy with PCC was administered in only 9.1% of the major bleeding events [65] .
In addition to the nonspecific agents, a number of specific antidotes are under clinical study and may become available in the near future. A recombinant factor Xa (andexanet alpha; PRT064445) has been developed to act as a universal antidote to a broad range of factor Xa inhibitors. Although andexanet alpha is catalytically inactive, it retains the ability to bind direct factor Xa inhibitors. It was shown to reverse the anticoagulant activity of both direct and indirect factor Xa inhibitors and to restore hemostasis in anticoagulated animals [66 && ]. Similarly, a specific antidote for the reversal of the anticoagulant effect of dabigatran has been characterized [67 && ]. This humanized antibody fragment (idarucizumab) shares structural similarities with thrombin in its mode of binding dabigatran, but is enzymatically inactive. It effectively reverses the anticoagulant effect of dabigatran in human plasma both in vitro and in vivo. In a porcine model of trauma, the ex-vivo addition of idarucizumab was shown to provide complete neutralization of supratherapeutic dabigatran concentrations and full reversal of its effect [58] . In addition, a synthetic small molecule (aripazine; PER977), which appears to have broad activity against a number of NOACs, including dabigatran, rivaroxaban and apixaban, is in development.
CONCLUSION
In the perioperative setting, coagulopathy generally occurs as a result of an injury, surgical procedure or medical anticoagulant therapy. Acquired coagulopathies are a major risk factor for progression to severe bleeding and can lead to massive blood loss and secondary complications associated with massive transfusion of allogeneic blood products, including increased mortality, morbidity, intensive care and hospital stay and costs. Therefore, early targeted intervention with hemostatic therapy may be critical to prevent development of complex coagulopathies and progression to severe, lifethreatening hemorrhage. At present, there is little evidence from clinical trials to form comprehensive recommendations to treat bleeding associated or induced by the NOACs/DOACs. In particular, in cases of severe hemorrhage or when an emergency procedure requires immediate correction of coagulation, there is an absence of specific antidotes to reverse their anticoagulation effect. Specific antidotes are in development; however, further studies are required to assess these specific agents for the reversal of anticoagulation in clinical situations of bleeding.
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